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Dear Editor, 

Please find our manuscript entitled "Failure analysis of batteries using synchrotron-based hard X-

ray microtomography" by Katherine J. Harry, Dilworth Y. Parkinson, and Nitash P. Balsara enclosed.  

Next-generation, rechargeable battery chemistries promise theoretical energy densities of over an order 

of magnitude larger than traditional lithium-ion batteries. However, these new chemistries require the 

use of a lithium metal anode in order to achieve these large improvements in energy density. 

Unfortunately, when the conventional graphite anode is replaced with a lithium metal anode the battery 

becomes prone to premature failure by short-circuit. This happens because lithium dendrites grow from 

the lithium metal anode as the battery is charged. Eventually the dendrites grow large enough to 

puncture the electrolyte and short the cell. 

The procedure discussed in the enclosed manuscript describes a technique that allows researchers to 

easily visualize microstructural changes, like dendrite growth, that occur inside of a battery as it is 

cycled. While the procedure is specific to electrochemical cells with lithium metal electrodes and a solid 

polymer electrolyte, it can be extended to study a wide variety of battery chemistries and assemblies. 

Hard X-ray microtomography is a valuable diagnostic tool for monitoring micron-scale morphological 

changes in electrochemical systems and, hopefully, a video showing our procedure for preparing and 

imaging these samples will make it easier for other researchers to use this technique in their own studies. 

In our study, the growth of lithium dendrites through high-modulus block copolymer electrolyte 

membranes is observed. The penetrating X-rays reveal structures within the electrode that are typically 

hidden when imaging with traditional electron or optical microscopy. These images have given us 

insight into the mechanism of lithium dendrite growth and enable us to propose rational approaches to 

slow or eliminate dendrite growth. 
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charging of the battery causes premature cell failure by short circuit. Lithium dendrites can also 

form in commercial lithium-ion batteries with graphite anodes if they are improperly charged. We 
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INTRODUCTION:  
Researchers are actively investigating battery chemistries with theoretical energy densities over 

an order of magnitude larger than traditional lithium-ion batteries.
1,2

 These high-energy-density 

batteries will make electric vehicles more competitive with their gasoline-powered counterparts.
3
 

However, these new chemistries have several failure modes that preclude their use in commercial 

technologies. For example, these battery chemistries require a lithium metal anode to achieve 

large enhancements in energy density; unfortunately, lithium metal is prone to dendrite growth as 

lithium ions are reduced at the anode surface during charging.
4-9

 Additionally, breakage of active 

particles in the cathode and poor adhesion within the battery can cause cell failure.
10

 

 

Many modes of battery failure occur on the micrometer scale. However, most battery materials 

are air sensitive making sample preparation for analysis by electron microscopy and traditional 

optical microscopy difficult. Synchrotron hard X-ray microtomography allows one to visualize 

the interior of a battery without disassembly.
11-14

 Furthermore, the technique produces a three-

dimensional (3D) reconstruction of the assembled cell making it easy to find locations of 

failure.
15

 Finding robust techniques that enable researchers to develop the scientific understanding 

required to accurately predict the lifetime of a battery is critical for the design of next generation 

battery technologies. The procedure discussed herein will specifically demonstrate how one can 

prepare and image model batteries to study the growth of lithium metal dendrites through solid 

polymer electrolyte membranes. 

 

Computed tomography (CT) scanning is not a new technique and has been used frequently for 

failure analysis in industry. Synchrotron-based X-ray microtomography is advantageous because 

the high brightness and flux of the source allow collection of images with high resolution and 

good signal to noise in a much shorter amount of time.
16

 Additionally, one can take advantage of 

the X-ray energy resolution to image at energies around a chemical species’ absorption edge, 

causing the components containing that chemical species to be identified.
17

 It was found that the 

synchrotron source provides sufficient flux to achieve good contrast between lithium metal and 

solid polymer electrolyte membranes enabling one to image lithium metal dendrites.
15

  

 

The study discussed herein uses a high modulus, block copolymer electrolyte membrane.
18

 These 

high modulus membranes suppress lithium dendrite growth, lengthening the lifetime of 

batteries.
19,20

 However, dendrites still eventually puncture the membrane causing the battery to 

fail by short-circuit. It is important to understand the nature of dendrite formation and growth in 

these high modulus electrolyte membranes in order to design strategies to prevent their growth.  

 

PROTOCOL:  
 

1. Electrolyte preparation: 

 

1.1) Synthesize a 240 kg/mol – 260 kg/mol poly(styrene) - block - poly(ethylene oxide) 

copolymer (SEO) using anionic polymerization.  

 

1.1.1) Perform all additional sample preparation in an Argon glovebox where the water and 

oxygen levels are controlled and remain <5 ppm. 

 



   

 

1.1.2) Dissolve 0.3 g of polymer in anhydrous N-methyl-2-pyrrolidone (NMP) with dry lithium 

bis(trifluoromethane)sulfonimide (LiTFSI) salt. Use a LiTFSI salt to SEO mass ratio of 0.275 and 

an NMP to SEO mass ratio of 13.13.  

 

Note: This quantity of polymer will yield a membrane large enough to make approximately 20 

samples. 

 

1.1.3) Cast all of the polymer and salt mixture prepared in the steps above onto an 

approximately 15 cm by 15 cm square piece of nickel foil using a doctor blade. Dry the resulting 

film  at 60 °C overnight. 

 

1.1.4) After drying, peel the film from the Nickel foil and allow to dry further under vacuum at 

90 °C. 

 

1.1.5) Wrap the resulting freestanding film in Nickel foil and store inside an air-tight box in the 

glovebox for later use. 

 

2. Lithium – lithium symmetric cell preparation 

 

2.1) Use a 7/16 inch diameter, round metal punch to cut out two lithium metal electrodes from a 

roll of 99.9% pure, battery-grade lithium metal foil.  

 

2.2) Use a 1/2 inch diameter metal punch to cut out a piece of polymer electrolyte film. 

 

Note: The lithium metal is softer and easier to punch than the polymer electrolyte. 

 

2.3) Sandwich the polymer electrolyte film between the two lithium metal electrodes and press 

the nickel tabs onto the electrodes. 

 

2.4) Vacuum seal the sample in an air-tight pouch made of polypropylene and nylon lined 

aluminum.  

 

Note: One of the lithium electrodes is easily swapped with a cathode if one wants to study a full 

battery. 

 

3. Symmetric cell cycling: 

 

3.1) Place the vacuum-sealed sample into an oven held at 90 °C and cycle using electrochemical 

cycling equipment. Heat the sample during cycling to achieve reasonable ionic conductivity 

through the electrolyte membrane. For safety, ensure that the sample does not approach the 

lithium metal melting point of 180 °C. 

 

3.2) Pass a current density of 0.175 mA/cm
2
 through the sample for four hours and follow with a 

45 minute rest. Next, pass a current density of -0.175 mA/cm
2
 through the sample for four hours 

and follow with a 45 minute rest. Repeat this cycling routine as many times as desired.  

 



   

 

3.3) Observe the voltage response for this current density passed through a 30 μm thick SEO 

electrolyte and compare with that shown in Figure 1.  Stop the cycling routine when the cell 

voltage response drops to 0.00 V, because the battery has failed by short-circuit indicating the 

growth of lithium dendrites. 

 

4. Synchrotron hard X-ray microtomography imaging: 

 

4.1) After the symmetric cell is cycled, bring it back into the glove box and remove it from its 

pouch. 

 

4.2) Use a 1/8 inch metal punch to cut out the center portion of the cell. Vacuum seal the center 

portion of the cell in pouch material and remove from the glovebox for transport to the 

synchrotron facility.  

 

Note: By imaging a sample with a reduced diameter, the amount of material outside of the field of 

view of the X-ray detector is reduced. This improves the overall image quality by reducing noise 

caused by this extra material. Furthermore, removal of the highly X-ray absorptive Nickel current 

collectors is necessary, for this particular pouch design, to obtain clear X-ray images. 

 

4.3) Once at the beamline, use polyimide tape to affix the sample to the sample stage. If desired, 

tape a small metal marker on top of the sample to aid with alignment. Place the metal marker 

roughly in the center of the sample to mark the location around which the sample will rotate once 

aligned. 

 

4.4) Use 20 keV X-rays to image the sample with an exposure time optimized for the system. 

Optimize the exposure time by balancing the scan time and the number of counts per image. 

Estimate the total scan time by multiplying the exposure time by the number of images collected.  

 

4.4.1) Here, use an exposure time of 300 ms, resulting in a scan time of 5 to 10 minutes. 

 

4.5) Measure the pixel size associated with the optical lenses at the beginning of every beamtime 

shift.  

 

Note: For the 4x lens used to take the image shown in Figure 2, the pixel size was 1.61 µm/pixel. 

Higher magnification lenses (10x and 20x) are also available for use. 

 

4.6) Position and align the sample on a rotation stage with respect to the detection system so that 

it remains in the detector’s field of view as it rotates through 180°.  

 

4.7) Position the sample as close to the detector as is possible while ensuring that the sample does 

not hit the detector at any rotation angle.  

 

Note: As the sample to detector distance increases, the Fresnel phase contrast will become more 

pronounced in the reconstructed images. This can obscure features and result in poorer resolution. 

For pouch cells, the sample to detector distance is typically on the order of 3 cm away from the 

detector. 



   

 

 

4.8) Once aligned, perform a scan consisting of 1025 images collected over sample rotations 

between 0 and 180°. Collect “Bright field” (also known as “flat field” or “background”) images 

by moving the sample out of the field of view. Additionally, collect “dark field” images by taking 

images while the beam is off. Use these to normalize the sample images for inhomogeneous 

illumination, scintillator response, and CCD camera response. 

 

5. Image Reconstruction 

 

5.1) Tomographically reconstruct the set of 1025 radiographs into a stack of images where each 

image represents a slice in the volume using the following procedure.  

 

5.1.1) First, normalize the images by subtracting the “dark field” images from both the 

radiograph images and the “bright field” images. Divide the resulting radiograph images divided 

by the resulting “bright field” images.  

 

5.1.2) Next, perform tomographic reconstruction, the process by which the series of projection 

angles is transformed into a 3D image, on the normalized radiograph images according to 

manufacturer’s protocol.  

 

Note: The reconstruction software outputs a series of images, each representing a horizontal slice 

through the sample.When stacked, this set of reconstructed images form a three-dimensional X-

ray absorption map of the sample. 

 

5.2) Visualize  the individual slices or the sample in three-dimensions to see what the sample 

looks like on the inside. 

 

6. Data visualization and processing 

 

6.1) Use one of a multitude of commercial and open source image processing software packages 

available for data visualization and analysis.
22, 23

  

 

6.2) Upon opening the stack of reconstructed images with the desired software, create orthoslices 

to show the xy, xz, and yz perspectives of the reconstructed data. 

 

6.3) Pan through these images and search for features of interest, like the lithium dendrite shown 

in Figure 2. 

 

6.4) Next, use segmentation (digital labeling) and 3D rendering tools to render the feature of 

interest in three-dimensions. 

 

6.5) To digitally segment the image, create a label field and use thresholding tools to select 

regions of the sample corresponding to a material. 

 



   

 

6.6) To recreate an image like that shown in Figure 2b, label the dark pixels lithium and the bright 

pixels electrolyte. Label the lithium contained in the dendrite separately from the top and bottom 

lithium electrodes.  

 

6.6.1) Render the dendritic lithium in orange and the polymer electrolyte in blue. Render the 

top and bottom lithium metal electrodes in gray and adjust the transparency value to reveal the 

orange dendritic lithium. Rotate this three-dimensional reconstruction to view the structure from 

many perspectives.  

 

REPRESENTATIVE RESULTS:  

When the symmetric lithium-lithium cells described above are cycled at 90 °C, the voltage 

response looks like that shown in Figure 1. Eventually, lithium dendrites will grow through the 

electrolyte and cause the cell to fail by short circuit. When this happens, the voltage response to 

the applied current will drop down to 0.00 V. Dendrites, like the one shown in Figure 2 appear in 

samples that have failed by short circuit. Non-electrolyte spanning dendrites are also found in the 

samples. Using this method, one can study the evolution of dendrite growth as a function of the 

cell’s stage of life by imaging a series of samples cycled to various stages of life as discussed in 

reference 15. The dendrite morphology and size can be easily measured from the three-

dimensional reconstructed images. Additionally, this technique allows the user to see structures 

that lie inside of the lithium metal electrode. These features are hidden when one uses other 

imaging techniques, like scanning electron microscopy or traditional optical microscopy.  

 

Typical microtomography images taken of a symmetric lithium-lithium sample with a solid 

polymer electrolyte membrane and a schematic of the instrument used to obtain the data are 

shown in Figure 2. An example of a radiograph image is shown in Figure 2a. Once a series of 

radiographs are collected from many angles, the radiographs are reconstructed into a stack of 

image files. These reconstructed image files are cross-sectional slices through the sample and can 

be viewed with open source software like ImageJ,
23

 or commercial software like Avizo.
22

 Figure 

2b shows an example of a cross-sectional slice taken from the stack of reconstructed images. This 

symmetric cell was cycled until it failed by electronic short-circuit. From the reconstructed 

images, it is apparent that the majority of the lithium metal electrode interface is featureless. 

However, one finds globular lithium dendrites extending through the solid polymer electrolyte 

membrane like that shown in the 3D rendering in Figure 2c. The globular features in the polymer 

electrolyte in Figure 2c are shrouded by the electrolyte itself. In contrast, the uniform character of 

the globular dendrite is clearly seen in the cross-section (Figure 2b). It is, perhaps, interesting to 

note that the radiograph image in Figure 2a has much less noise than the reconstructed slice 

shown in Figure 2b. The main advantage of the reconstruction is the clarity with which the 

dendritic structure can be seen; the dendritic structure cannot be discerned in Figure 2a. 

 

Figure 1: Chronopotentiometry. Representative cycling data for a lithium metal symmetric cell 

with a solid polymer electrolyte is shown. When a current density of 0.175 mA/cm
2
 is applied to 

the cell, it responds with a voltage around 0.07 V. An alternating positive and negative current is 

applied to the cell to simulate the conditions of a battery charging and discharging. The sample 

rests for 45 minutes between each 4 hour charge and discharge. 

 

Figure 2: X-ray microtomography. Synchrotron hard X-ray microtomography is used to image 



   

 

a symmetric lithium cell that was cycled and failed by short circuit. a A radiograph image of the 

sample shows a dark polymer electrolyte band sandwiched between two lithium metal electrodes. 

The pouch material also appears in the image. b A cross-section slice through the reconstructed 

tomogram containing a lithium dendrite is shown. After reconstruction, the polymer electrolyte 

appears as a bright band sandwiched between two dark lithium metal electrodes. The pouch 

material also appears in the image. c Image segmentation was used to make a three-dimensional 

rendering of features in the sample. The dark, globular lithium metal dendrite is rendered in 

orange, so that the viewer can see its structure, while the bright, polymer electrolyte is rendered in 

purple. The top and bottom lithium metal electrodes are rendered transparent so they do not 

obscure the polymer electrolyte and the dendrite. d A schematic of the sample setup for X-ray 

microtomography experiments is shown.  

 

DISCUSSION:  

Hard X-ray microtomography is especially well-suited for air-sensitive samples, like many 

electrochemically active materials, since the X-rays can penetrate through protective pouch 

material, enabling facile imaging of the sample without exposure to air. Perhaps the most 

valuable characteristic of this imaging technique is that the penetrating X-rays allow the user to 

see inside of the sample without destroying it. Most common imaging techniques, like scanning 

electron microscopy and traditional optical microscopy, can only image the surface of the 

electrodes. As such, many morphological changes that occur beneath the surface are hidden. X-

ray imaging, however, allows the user to easily monitor the sample interior. 

The theoretical resolution of this technique is less than a micrometer, but practical resolution is 

limited by absorption contrast and image noise. Also, the distance between the imaged region of 

the sample and the detection system impacts the resolution. Depending on the size of the pouch, 

the detection system is often 1-5 cm away from the central portion of the pouch, which contains 

the imaged material. This distance limits the resolution of the scan, both due to the rise of phase 

contrast artifacts with increasing distance, but also due to geometric blurring. Furthermore, the 

pixel size, determined by the magnification of the lens, will clearly influence the achievable 

resolution. X-ray absorption is a function of the atomic scattering factor, incident beam 

wavelength, and sample dimensions.
24

 Roughly speaking, in the hard X-ray regime, the larger the 

atom, the more X-ray absorption occurs. Therefore, when imaging lithium dendrites, one can 

differentiate between lithium metal and the polymer electrolyte because the carbon-based 

electrolyte is more X-ray absorptive than lithium metal. Next, one must consider image noise. If 

the sample contains components made of large atoms, like nickel, a high percentage of the 20 

keV X-rays will be absorbed by those components. If the majority of the X-rays are absorbed by 

these heavy components, the contrast between components made of lighter elements, like carbon 

and lithium, becomes negligible. We thus removed the nickel tabs from the cell before imaging. 

 

The most critical step of the protocol is ensuring that the sample is designed in such a way that 

heavy metals like Nickel do not block the beam trajectory during imaging. The protocol described 

above is for ex-situ imaging, and while less destructive than TEM or SEM imaging, still requires 

the sample to be destroyed. Efforts to create samples for in situ imaging by altering the position 

of the current collectors so that they do not block the path of the beam are currently underway.  

 

To conclude, X-ray microtomography is a valuable tool for studying morphological changes in 

electrochemically active systems. Since the image resolution is limited to the micrometer scale, 



   

 

complementary experiments using traditional electron microscopy can help to clarify 

morphological changes on smaller length scales. Furthermore, some spectroscopic information 

can be obtained from this technique by taking images above and below the absorption edge of the 

element to be identified. Components in the sample containing that element will show a large 

change in contrast when the images are compared. However, this only works if the experimenter 

knows what element they wish to identify. Therefore, complementary spectroscopic techniques 

like Energy-dispersive X-ray spectroscopy would be necessary to identify unknown components 

in a sample. Using this tool, we were able to study the formation and growth of lithium dendrites 

through high modulus polymer electrolyte membranes.
15

 We expect that the technique can be 

extended to study many micron-scale morphological changes that may occur upon cycling an 

electrochemical cell.  
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Name of Reagent/ Equipment Company Catalog Number Comments/Description

Anhydrous N-methyl-2-pyrrolidone MILLIPORE MX1396-7

Lithium bis(trifluoromethane)sulfonamide MILLIPORE 8438730010

Lithium metal FMC Lithium None Lectro Max 100

Pouch material MTI Corporation EQ-alf-400-7.5M

Nickel tabs MTI Corporation EQ-PLiB-NTA3
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RESPONSE TO REFEREE'S REPORTS 

 

Editorial comments: 

  

Comment 1: Please take this opportunity to thoroughly proofread the manuscript to 

ensure that there are no spelling or grammar issues. The JoVE editor will not copy-edit 

your manuscript and any errors in the submitted revision may be present in the published 

version. 

 

The manuscript was proofread before submission. 

 

Comment 2. Please be consistent with Journal titles, either abbreviate them all or spell 

them out entirely. 

 

The references section was edited so that all of the journal titles appear as abbreviations. 

 

Comment 3. Please ensure that all text in the protocol section is written in the 

imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure 

that,” etc.). The actions should be described in the imperative tense in complete 

sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” 

and “would be” throughout the Protocol. Any text that cannot be written in the 

imperative tense may be added as a “Note.” However, notes should be concise and used 

sparingly. Please include all safety procedures and use of hoods, etc.  

 

The steps of the procedure were reworded to the imperative tense. Notes were used 

sparingly and only when expressly relevant to the procedural call. 

 

Comment 4. The Protocol should contain only action items that direct the reader to do 

something. Please move the discussion about the protocol to the Discussion. 

 

The steps of the protocol were reworded to only contain action items for the reader.  

 

Comment 5. The Figure Legends should include a title and a short description of the 

data presented in the Figure and relevant symbols. The Discussion of the Figures should 

be placed in the Representative Results. Details of the methodology should not be in the 

Figure Legends, but rather the Protocol.  

 

The Figure Legends were shortened to include only descriptions of the data shown in the 

Figure. 


